within individual size fractions occurs over a range of flow strength.
Partial transport, if dependent on grain size, should evidently contribute to the observed decrease in transport rate with grain size. A demonstration of its existence and domain should increase our understanding of the dynamics of mixedsize sediment transport and improve our ability to develop representative models of the transport rate of individual size fractions. To provide a direct demonstration of partial transport, we used time series of bed photographs to measure the proportion of grains remaining immobile over the duration of flume runs of different flow strength. Here, we demonstrate the existence of partial transport; describe its variation with time, grain size, and flow strength; and illustrate its effect on fractional transport rates.
Significance of Partial Transport
The observation that only some of the particles in a given size range are mobile, if generally true, has important implications for modeling the entrainment and transport of mixedsize sediment and the exchange of sediment between the bed surface and subsurface.
The rate and size distribution of transported sediment depend not just on the population of grains on the bed surface [Parker, 1990] , but on the proportion of those grains that can be mobilized by the flow, whether under conditions of zero sediment input leading to armoring [Proffitt and Sutherland, 1983] or with steady state transport composed of grains entrained from the bed upstream. Partial transport directly affects the rate and size of vertical sediment exchange between the bed surface and subsurface. If a large portion of the bed is immobile, the number of possible sites for vertical exchange will be limited. Further, if the active grains are primarily smaller ones, sediment exchange between bed surface and subsurface will be limited to the smaller grains that may pass through pockets vacated by entrained grains. A means of forecasting the active proportion of the bed surface is necessary for predicting any process that depends on grain sorting and sizeselective transport, including bed armoring, selective deposition, downstream fining, and the flushing or infiltration of fine-grained sediment into the subsurface of a gravel bed.
Theoretical models of mixed-size transport must account for the frequency of grain entrainment and either the velocity or displacement length of moving grains. The entrainment frequency may be expected to vary with grain size D i and bed shear stress %. If a portion of a fraction is immobile over the course of a transport event, the apparent entrainment frequency (e.g., the spatial entrainment rate which, when multiplied by mean grain displacement length, gives the transport rate) will differ from the actual entrainment frequency of only those grains that are actively transported. If a large proportion of a fraction is immobile, the apparent entrainment rate will be much smaller than the actual entrainment rate of active grains. Entrainment will be more accurately modeled if the proportion entrained and the entrainment rate of active grains are considered separately [Wilcock, 
this issue].
Partial transport is relevant to the definition of a characteristic exchange time for mixed-size beds, which is needed to represent the time required for a mixed-size bed to adjust to the prevailing flow and to define appropriate averaging times for observations of entrainment and transport, particularly for the coarser sizes on the bed surface. A useful time standard would be the time required to entrain a large proportion (e.g., 0.9) of the surface grains that are actively transported at a given flow. Under conditions of partial transport, active grains may be a small fraction of the total surface population, so that identification of the active proportion is necessary to accurately determine the exchange time. The primary motivation for coloring the sediment was to permit accurate and nonintrusive measurement of the bedsurface size distribution from photographs. Point counts were made by projecting photographic transparencies on a grid. Individual surface samples consisted of 980 points counted on 14 contiguous photographs covering a 40 cm x 196 cm bed area. The large number of points was necessary to accurately estimate the surface proportion F, of each size fraction. Further detail regarding sediment preparation, sampling strategy, and accuracy of the surface sampling method are given by Wilcock and McArdeIi [1993] .
Flume Runs and Measurements
The experiments were conducted in a tilting laboratory flume in which both water and sediment were recirculated. It has been noted previously that a condition of partial transport is produced most directly and with the fewest constraints using a sediment-recirculating flume [Parker and Wilcock, 1993 In six cases the least squares fit was overridden and the value of Yi adjusted slightly to give a more credible fit to the data and to preserve similarity in form among the curves for each run. These are Di = 19.0 and 26.9 mm for BOMC18, for which very few grains moved, meaning that the variation of ln(y•) with t* was dominated by a few large step changes in the value Partial transport is a grain-scale representation of incipient grain motion, in contrast to the reference shear stress •'ri, which is the shear stress that produces a small reference transport rate and serves as a surrogate for the critical shear stress for incipient motion. Partial transport depends on the entire population of grains present on the bed surface, whereas Tri depends on the rate of transport, regardless of grain origin, and may be produced by only a small proportion of the grains exposed on the bed surface. We observe that sufficient transport to produce the reference transport rate occurs under conditions of partial transport and that the active proportion of a fraction at the reference transport rate decreases with grain size. Both •'ri and the stress mobilizing half of the surface grains in a fraction increase with grain size for our experimen- 
